This paper proposes an Advanced-Remanufacturing-to-Order-Disassembly-to-Order system which receives sensors and Radio Frequency Identification (RFID) tags embedded End-Of-Life (EOL) products. The received sensors and RFID tags embedded EOL products are disassembled to meet the components demands, remanufactured to meet the products demands and recycled to meet the materials demands. The objective of the proposed model is to determine how many EOL products should be disassembled, remanufactured, recycled, disposed of or stored to meet components, products and materials demands. The model also evaluates different design alternatives of the received EOL products for the ease of disassembly and remanufacturing based on four criteria viz., total profit, quality level, number of disposed items and material value. Linear physical programming is used to solve this multi-criteria decision making problem. An example of Air Conditioners is considered for illustration of the proposed model.
INTRODUCTION
Of late, organizations are becoming aware of the environmental impact of the disposal of product wastes in landfills. End of life (EOL) product recovery techniques are implemented in order to reduce the ill effects of these product wastes. Recycling, reuse, remanufacturing, and disposal are some of the widely used EOL recovery processing options. Disassembly is an important process that is performed before any of the recovery processes. It separates products into its components or subassemblies. Remanufacturing is an important recovery process that transforms worn-out products into like-new products by replacing and rebuilding their components and thus is an effective tool in conserving the environment. However, there are several uncertainties related to the quality, quantity, and conditions of the returned EOL products in the recovery process [1] . Embedding sensors and RFID tags in the products eliminate these uncertainties [2] . RFID tags contain the static information about the products while sensors monitor and record the products' dynamic life cycle data [3] . These data aid in the determination of the remaining life of the components. Optimal product recovery decisions can be made once the remaining lives of components are obtained. Product design, apart from the remaining life of components, can also affect the optimal product recovery decision. Certain product designs favor recovery, resulting in lower recovery costs while some product designs incur higher recovery costs making the product less favorable for recovery [4] . Therefore, the evaluation of product designs is an important aspect of EOL product management. This paper models an Advanced-Remanufacturing-toOrder-Disassembly-to-Order (ARTODTO) system. The system is used to disassemble sensor-embedded EOL products to meet the components demands, remanufacture the products to meet the products demands, and recycle the materials to meet the materials demands. The received EOL products have different design alternatives. The proposed model determines the best design alternative to meet all the demands along with maximizing total profit, maximizing quality level, minimizing the number of disposed items, and maximizing material value. The model also determines how many EOL products of each design alternative are remanufactured, disassembled, recycled, stored, and disposed of. Since the designs are evaluated based on four different criteria, the model is solved using a Multi-Criteria Decision Making (MCDM) technique; linear physical programming [5, 6] . An example using air conditioners is considered to illustrate the proposed methodology. The four design alternatives of ACs considered are windows AC, split AC, packaged AC, and central AC.
PROBLEM STATEMENT
An ARTODTO system receives sensors and RFID tags embedded EOL products. Once the EOL products are received, all the data captured by the sensors and RFID tags is stored in a database. Additional information such as the remaining lives of components is determined by means of this life cycle data, and data retrieval mechanisms. Based on the remaining lives of components, they are divided into different bins known as life bins. For example, life bin 1 may contain components of remaining lives of at least one year, life bin 2 may contain components of remaining lives between one and three years, and life bin 3 may contain components of remaining lives of at least three years. Based on the remaining lives of components, the ARTODTO system remanufactures the products to meet the products' demands, disassembles the components to meet the components' demands, and recycles the materials to meet the materials' demands. The ARTODTO system is illustrated in Figure 1 . 
An EOL product will be disassembled if it contains one or more target components, or if it contains lower level assemblies that contain target components [7] . Usually, a higher number of assemblies to disassemble will indicate more disassembly time, higher labor costs, less ease of disassembly, and thus higher disassembly costs. The highest life-bin that component j of EOL product i can be placed in;
NOMENCLATURE
4 MATHEMATICAL MODEL The design alternatives are evaluated based on four criteria, viz., total profit, quality level, number of disposed items, material value and 14 constraints. The system criteria for linear physical programming are divided into two different classes: 1-S and 2-S [8] . The first criterion of the system is to maximize the total profit, and it belongs to class 2-S. The mathematical expression is written as follows:
The second criterion of the system is to maximize the quality level, and it belongs to class 2-S. The mathematical expression is written as follows:
The third criterion of the system is to minimize the number of disposed items and it belongs to class 1-S. The mathematical expression is written as follows:
The fourth criterion is to maximize the material value, and it belongs to class 2-S. The mathematical expression is written as follows:
Total Profit
The first criterion is maximizing the total profit and it is defined as follows: Total profit is the subtraction of costs from the revenues. It consists of resale revenue, stored material value, stored product value, stored component value, total disassembly cost, total remanufacturing cost, total recycling cost, total outside procurement cost, total holding cost, and total disposal cost. The total profit function can be written as follows:
Resale Revenue
Resale revenue is gained by reusing the good nondestructively disassembled components. It is the multiplication of the amount of reused components i.e. the demand for reuse components and the component resale value.
Stored Material Value
Stored Material value is gained from the material that has been stored for future use. It is the multiplication of the amount of material stored and the material value.
Stored Products Value
Stored product value is gained from products that have been stored for future use. It is the multiplication of the number of products stored and the product value. 
Total Disassembly Cost
The total disassembly cost is divided into two parts; destructive disassembly cost and non-destructive disassembly cost. Destructive disassembly is performed on the non-functional components while the functional components are disassembled using non-destructive disassembly. The destructive disassembly cost is the product of the number of components disassembled destructively, the destructive disassembly labor cost, the destructive disassembly time, and the disassembly factor of that component in its design alternative. Similarly, the non-destructive disassembly cost is the product of the number of components disassembled non-destructively, the non-destructive disassembly labor cost, the nondestructive disassembly time, and the disassembly factor of that component in its design alternative. 
Total Remanufacturing Cost
The remanufacturing cost consists of the cost of disassembly of broken or remaining-life-time-deficit components, and the assembly of the missing ones. The disassembly of components also involves the precedence relationships. Therefore, the cost should also reflect the cost of disassembling and reassembling all the precedence components. This is taken into consideration using rpij. 
Total Recycling Cost
The total recycling cost is the summation of the recycling cost of products and components. Products chosen to be recycled are disassembled destructively, and then recycled along with the disassembled components separated for recycling. It is the sum of the number of products recycled multiplied by the product recycling cost, and the number of components recycled multiplied by the component recycling cost.
Total Outside Procurement Cost
The outside procurement cost is the product of the number of components procured for a particular remaining life bin, and the outside procurement cost of component for that remaining life bin.
Total Holding Cost
The total holding cost is the sum of the holding costs of EOL products, components, and materials. It is the sum of the number of products stored multiplied by the products' storage cost, the number of components stored multiplied by the components' storage costs, and the amount of material stored multiplied by the material storage cost. 
Total Disposal Cost
Total disposal cost is the sum of disposal costs of products, and components. It is defined as the sum of the number of products disposed of, multiplied by the product disposal cost, and the number of components disposed of, multiplied by the component disposal cost.
Quality Level
The second criterion is maximizing the quality level, and it is defined as the difference between the highest life bin a component can be placed in, and the life bin it is actually placed in. It is divided into two terms: Q 1 and Q 2 . Q 1 is the sum of the differences between the highest life bin a component can be placed in and the life bin they are actually placed in. For the remanufactured case (Q 2 ), the same calculation is performed for all components in the remanufactured products using the product's life bin. They are mathematically expressed as follows:
Number of Disposed Items
The third criterion is minimizing the number of disposed items, and it is defined as the sum of the number of components from the disposed products, and the number of components separated for disposal from the disassembled components.
Material Value
The fourth criterion is maximizing the material value, and it is defined as follows: Material value is the product of the unit value of material, and the sum of material demand and stored material.
Constraints
The constraints of the model are described below. An EOL product is remanufactured, disassembled, recycled, stored, or disposed of; therefore,
(28) A component is reused, recycled, stored, or disposed of; therefore,
Complete disassembly implies that all the components of a product are disassembled if that product is to be disassembled, and a component can be placed in only one bin after disassembly; therefore,
An EOL product of design alternative, t, is remanufactured to produce only one product of design alternative, t, for only one life bin; therefore,
Product demand is met by remanufacturing EOL products. The number of products produced by remanufacturing EOL products in the product's life bin, m, should at least be equal to the product demand. t m dp y
Component demand is satisfied by recovered and procured operable components. Recovered components are obtained from the disassembled and remanufactured EOL products. For each life bin, b, and component, j, the number of recovered and procured components must be at least equal to the components' demand after components used in remanufacturing, recycling, storage, and disposal are taken out. Therefore,
Where,
Non-functional, missing, and remaining-life-time deficient components must be replaced with components with a remaining-life-time that is sufficient for producing a product for product-life-bin, m. Therefore,
Replacement of a component can be taken from only one bin.
Material demand is satisfied by recycled components and products. Therefore,
All the non-functional components have to be either recycled or disposed of. Therefore,
NUMERICAL EXAMPLE
In order to illustrate the formulated model, an example is presented in this section. The ARTODTO system receives 200 EOL Air Conditioners (ACs). There are four types of air conditioners with their own unique features; however, they all have the same function of providing cool air, and they all share the following eight components: Compressor, Condenser, Evaporator, Control Box, Blower, Air Guide, Motor, and Fan. The different types of air conditioners are: 1.
Window Air Conditioner 2.
Split Air Conditioner 3.
Packaged Air Conditioner 4.
Central Air Conditioner Three remaining life bins are defined for products and components. The first life bin holds components having remaining-life between one and two years; the second life bin holds components whose remaining-life is between two and three years; and the last bin holds components of remaining-life of three years or more. Same remaining-life ranges are used for product life bins. The input data is provided in Tables 1 through 8 . 6 RESULTS USING LINEAR PHYSICAL PROGRAMMING The model was solved using LINGO 11.0. The results are displayed in Tables 9,10 and 11. 
CONCLUSIONS
In this paper, an Advanced-Remanufacturing-To-OrderDisassembly-To-Order system was proposed for the evaluation of design alternatives of EOL products. The proposed system utilized sensors and RFID tags to eliminate the uncertainties related to the conditions of the received EOL products. These products were remanufactured, disassembled, and recycled to meet the products, components, and materials demands. The proposed model determined the values of various criteria, viz., total profit, quality level, number of disposed items, and material value, using goal programming and linear physical programming. Examples of air conditioners using window AC, split AC, packaged AC, and central AC as design alternatives was considered for illustration purposes. The results displayed in Table 11 show that the total profit fell in the desirable range, quality level and number of disposed items in the tolerable range, and material value in the undesirable range. Table 9 display the details about how many products of each design alternatives were required to fulfil the demands. Total 92 products were disassembled (25 Windows AC, 40 Split AC, 10 Packaged AC, 17 Central AC), 50 were remanufactured (20 Windows AC, 12 Split AC, 18 Packaged AC), 35 were recycled (5 Windows AC, 18 Packaged AC, 12 Central AC), 13 were stored (7 Split AC, 6 Central AC) and 10 were disposed of (7 Packaged AC and 3 Central AC). Most of the disassembled and remanufactured components were retrieved from Split AC and Windows AC and most of the recycled or disposed components were retrieved from packaged and central ACs. This indicates that Split AC and Windows AC are more favourable for disassembly and remanufacturing in this scenario.
